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Abstract 
Quartz crystal tuning fork resonators are suitable sensors for separable, simultaneous measurement of the density and 
the viscosity of a surrounding fluid. In this contribution we present the application of a frequency tracking interface 
for measurement of gas density and viscosity with a single quartz crystal tuning fork resonator. By frequency 
tracking, we obtain equal accuracy for the density and viscosity estimation as by evaluation of the admittance 
spectrum in the vicinity of the resonance frequency (which is typically used) but with a significantly reduced 
measurement time (one measurement per second compared to about 50 seconds per admittance spectrum). 
Furthermore, sophisticated fitting algorithms are not required. 
 
© 2011 Published by Elsevier Ltd. 
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1.Introduction 
Quartz crystal tuning fork resonators can be used for simultaneous measurement of the density and the 
viscosity of a surrounding fluid. In general, the parameters required for the calculation of viscosity and 
density are extracted from the sensors admittance/impedance spectra by means of least-square fits [1],[2] 
or by peak search methods[2]. Due to the long decay time of the transient oscillation, which is in the order 
of 0.4 s for a typical tuning fork resonator in vacuum, measurement of these spectra can take quite long 
(e.g., Ĭ15s-120s for spectra consisting of 50 frequency points). In this contribution, we present the 
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application of a frequency tracking circuit for the continuous measurement of gas density and viscosity 
with a tuning fork resonator by measurement of its series resonance frequency and its motional resistance.  
2.Density and viscosity calculation 
A tuning fork resonator can electronically be represented by an equivalent circuit model consisting of a 
motional branch in parallel with a spurious capacitance C0 [3]. The motional branch is formed by a series 
connection of a resistor R1, an inductance L1, and a capacitance C1. When the resonator is immersed into a 
fluid, the resonator is damped due to viscous entrainment and the resonance frequency is additionally 
lowered due to mass loading. In the equivalent circuit model, these interactions are modeled by additional 
complex series impedances ܼሺ߱ሻ௩௜௦௖ܼሺ߱ሻ௠௔௦௦ in the motional branch [1]: 
 ܼሺ߱ሻ௩௜௦௖ ൌ ܤඥߩߟ߱ሺͳ ൅ ݆ሻ
ܼሺ߱ሻ௠௔௦௦ ൌ ݆߱ܣߩ 
(1) 
(2) 
Here, ߩ is the density, ߟ the viscosity of the surrounding fluid; the coefficients A and B are resonator 
dependent constants. The total motional impedance of the resonator, separated into real and imaginary 
part is thus given by: 
 ܴ݁ሺܼሻ ൌ ܴଵ ൅ ܤඥߩߟ߱
ܫ݉ሺܼሻ ൌ ߱ܮଵ െ ͳȀሺ߱ܥଵሻ ൅ ݆߱ܣߩ ൅ ܤඥߩߟ߱ 
(3) 
(4) 
Taking into account the pressure dependent frequency shift (see also [2],[4]), which can be 
approximated as an additional impedance ܼ௣ ൌ ݆ܦ݌ (with D being a resonator dependent constant and p 
being the gas pressure),this leads to 
 ߩ ൌ ሺͳȀሺ߱௦ܥଵሻ െ ߱௦ܮଵ െ ሺܴ݁ሺܼሻ െ ܴଵ ൅ ܦ݌ሻሻȀሺܣ߱௦ሻ
ߟ ൌ ሺሺܴ݁ሺܼሻ െ ܴଵሻȀܤሻଶȀሺ߱௦ߩሻǡ 
(5) 
(6) 
where ߱௦is the angular frequency of the series resonance. By measurement of the motional resistance 
ܴ݁ሺܼሻ and the series resonance frequency of the resonator, the viscosity and the density of the fluid can 
be determined. 
 
 
 
 
)LJ Schematic description of the measurement system 
 
)LJ Measurement of the shift of the series resonance 
frequency and the change of the motional resistance of a 
quartz tuning fork resonator immersed in N2, C2H4 and 
C3H6 in dependence on gas pressure (tracking mode: solid 
line, Phi-fit: ‘x’, Lorentz-fit: ‘ǻ’). On this scale, differences 
between the methods are virtually invisible. 
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3.Measurement setup 
The motional resistance and the series resonance frequency of the density sensor are continuously 
measured with a slightly modified version of the digital PLL circuit (Fig. 1), presented at the last year’s 
conference [5]. In normal operation, the system continuously measures the impedance of the sensor’s 
motional branch at the sensors series resonance frequency. Any change of the sensors resonance 
frequency (in terms of the phase of the motional branch) is detected and the excitation frequency is 
adjusted accordingly.  
For comparisons of the obtained parameters with the above referenced standard methods, the 
admittance spectra of the sensor are measured with the same circuit. The series resonance frequency and 
motional resistance are extracted from these spectra by application of least-square fitting algorithms. For 
cross-validation of the parameters, two different fitting algorithms (Lorentz fit and phase versus 
frequency fit [6]) have been used. 
As density/viscosity sensor, a standard quartz crystal tuning fork resonator with a nominal resonance 
frequency of 32.768 kHz is used. Its values for C1, L1 and R1 were obtained by fitting of the admittance 
spectra, measured with the resonator being in vacuum, to the equivalent circuit model. 
4.Measurements and results 
The sensor was immersed in N2, C2H4 and C3H6, and the series resonance frequency and the change of 
the motional resistance of the sensor were measured in dependence on the gas pressure (Fig. 2). The 
values obtained by frequency tracking agree very well with the values obtained by application of fitting 
algorithms (see Fig. 3, 4). The deviation between the estimated series resonance frequencies is less than 
20 mHz, the relative deviation of the motional resistance less than 0.5%. 
The coefficients A and D were obtained by fitting of the measurement data to equation (5), coefficient 
B by fitting to (6). The required density and viscosity data were calculated with equations of states of the 
specific gases.  
For verification of the used model, the densities and viscosities corresponding to the measured series 
resonance frequencies and motional resistances were calculated using the fitted parameters A, B and D 
and compared with the nominal densities and viscosities (obtained by the equations of states). The 
deviation between nominal and calculated densities is smaller than 0.2% (see Fig. 5), the deviation 
 
)LJ Deviations of the series resonance frequency 
(obtained by tracking and by fitting of admittance spectra) 
from fmean, where fmean is the average of the three frequency 
measurements. 
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)LJ Comparison of the relative deviation between the 
measured series resistance (obtained by tracking and by 
fitting of admittance spectra) and Rmean, where Rmean is the 
average of the three resistance measurements. 
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between nominal and calculated viscosities is below 2% for densities higher than 3 kg/m³ (see Fig. 6). 
Both deviations are in the range of the inaccuracy of the used reference data. 
5.Conclusions 
By tracking of the series resonance frequency and measurement of the motional resistance of the 
resonator, the same accuracy is achieved for the density and the viscosity calculation, as by evaluation of 
the admittance spectrum in the vicinity of the resonance frequency. The advantage of this method is the 
significant reduction of the measurement time, which enables virtually continuous measurement of 
density and viscosity. Furthermore, no sophisticated fitting algorithms are required to extract the 
resonator parameters.  
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)LJ Relative deviation between estimated and real 
density for the different measurement methods.  
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)LJ Relative deviation between estimated and real 
viscosities of the different gases obtained with the three 
measurement methods (tracking mode: solid line, Phi-fit: 
‘x’, Lorentz-fit: ‘ǻ’). 
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